I. INTRODUCTION both for identification and titration of hemagglu-
Investigations carried out during the past fif tinating viruses and for detection and titration teen years have revealed that the red blood cell of the corresponding antibodies. Also, this reacis a valuable tool for microbiologic studies. In tion has been studied intensively as a model of 1941, Hirst (1) as well as McClelland and Hare virus infection of the host cell, including the (2) independently described viral hemagglutina-mechanism of virus attachment and the identity tion, when these authors observed clumping of of cell receptors. Viral hemagglutination is diserythrocytes in the presence of influenza virus. cussed in modem textbooks of bacteriology, This hemagglutination is specifically inhibited by virology, and microbiology and was reviewed in homologous viral antiserum. Since that time detail by Burnet (3) . Therefore, this subject is not numerous other viruses have been found to pos-included here, although reference will be made to sess hemagglutinating properties. The viral differences and similarities between viral and hemagglutination test has been used extensively bacterial hemagglutination. 166 Bacteria, too, cause agglutination of erythro-of bacterial hemagglutination. (3) Specific hemagcytes. Eight types of bacterial hemagglutination glutination follows exposure of erythrocytes to are known at this time: (1) The first type (direct antigen-antibody mixture. (4) In the fourth type, bacterial hemagglutination) was described more the erythrocytes are pretreated with tannic acid, than half a century ago by Kraus and Ludwig exposed to protein antigen, and thus become (4) , who observed clumping of erythrocytes in specifically agglutinable in the presence of the presence of staphylococci and vibrios. Al-homologous protein antibodies. (5) Similarly, though the list of hemagglutinating bacteria has antigens may be attached to the surface of been enlarged since that time, the mechanism of erythrocytes by chemical linkages. (6) Modificathis reaction remains to be elucidated. (2) A tion of erythrocytes with proteins may be acsecond, fundamentally different type of bacterial complished, too, through the agency of incomhemagglutination was reported in 1947 by Keogh, plete red blood cell antibodies, the latter serving North, and Warburton (5) . These authors found as Schieppers (carriers) (6) . (7) Bacteria may prothat antigen obtained from Hemophilus influen-duce hemagglutination in yet another way: they zae is readily adsorbed to the surface of red blood cause changes of the erythrocytes which result cells and that agglutination takes place on addi-in the appearance on the surface of the cell of an tion of homologous bacterial antiserum. This otherwise undetectable antigenic component. indirect, conditioned, or passive hemagglutina-Agglutination ensues upon addition of antibodies tion reaction and its hemolytic modification reacting specifically with this newly exposed since have been demonstrated with numerous antigen. (8) Finally, certain bacteria produce other bacterial antigens, and the tests have changes in normal serum which result in a newly proved to be extraordinarily sensitive for the acquired hemagglutinating capacity. Table 1 detection and titration of bacterial antibodies. presents a summary of these eight types of Generally speaking, it is the polysaccharide rather microbial hemagglutination.
than the protein antigens which are adsorbed by Certain fundamental similarities and difuntreated red blood cells. However, even protein ferences between these types of bacterial hemagantigens can be attached to erythrocytes by glutination should be pointed out. In type 1 several methods, representing types 3, 4, and 5 hemagglutination is effected by a bacterial Table 3 gives data on of up to 1000 ,g per ml, while another, prepared the bacterial species, the antigens involved in the by the identical method, was active in a concenreaction, and selected references. It is likely that tration of 6 ,g per ml. Following heating, the two other bacterial species, not yet tested, also pro-former preparations were effective in a concentraduce erythrocyte modifying antigens. tion of 12 ,ug per ml and the latter in a concentraIn all but two instances, chemical analysis of tion of 1.5 ug per ml (59) . The activation from a the modifying antigens has revealed that they are non-modifying to a modifying antigen can be polysaccharides or contain polysaccharides as accomplished also by treatment with sodium the serologically active determinant. However, hydroxide (51, 59, 88) . However, it must be the active material of Pasteurella pestis was pointed out that not all bacterial polysaccharides tentatively considered to be a protein, although become erythrocyte-modifying upon treatment full chemical and physical analyses were not with sodium hydroxide (51) . Furthermore, the undertaken and no claim regarding the purity of mode of action of both heat and sodium hydroxide the antigen was made (69, 70). The more recent treatment remains to be determined. It is clear, observation of Chen (72) suggests that the al-however, that these treatments do not solely cohol-precipitated envelope antigen contains cause the appearance of an increased number of both protein and polysaccharide. It is conceiv-antigen molecules, since they do not effect the able, therefore, that the hemagglutination reac-antibody neutralizing capacity of the materials tion involves the latter material. Alternatively, (89) . Suggestive evidence indicates that these it is possible that the polysaccharide may have treatments of S. typhosa 0 lipopolysaccharide refacilitated the adsorption of the protein (S. J. sult in liberation of a large portion of lipid and ' The term modification, as used in this review, thus remove a component which conceivably inconnotes antigenic alteration of erythrocytes by terferes with the adsorption of the antigen by red attachment of bacterial antigens.
blood cells (55) . This concept finds support in the (88) . This conclusion these differences.
is based on the observation that 25 x 10' As yet little is known regarding the receptors on erythrocytes adsorb 100 ,ug of the antigen. the surface of the red blood cell to which bacUntil very recently, all bacterial antigens terial antigens can be attached. Such specific operative in the hemagglutination test were receptors do in fact exist. This is evident from found to be characteristic of the species, common the findings that neither the A, B, or Rh antigens to closely related species, or characteristic of are blocked in E. coli and P. tularense modified serogroups or serotypes. Rants and associates erythrocytes (44, 75) nor does treatment of red (40) demonstrated, by means of this technique, an blood cellswithreceptor destroying enzyme (RDE) antigen that appears to be common to many and periodate interfere with modification by unrelated gram-positive bacteria (among others, bacterial polysaccharide (36, 75) . It is conceivable staphylococcus and vqrious species of strepto-that lipid structures serve as receptors. This is cocci).
suggested by the observation that certain lipids, Surprisingly few studies have been reported on such as lecithin, cephalin, lipid extract from red the process of attachment of bacterial antigen to blood cell stromata, and certain serum fractions untreated red blood cells. It has been shown (59, rich in lipids inhibit the attachment of certain 91) with crude E. coli cultures as well as with bacterial antigens to erythrocytes (49, 79, 92, purified Salmonella abortus-equi and E. coli 93, 94). A non-specific factor inhibiting the adlipopolysaccharides that electrolytes are required, sorption of tuberculin antigen by sheep cells has inasmuch as modification does not occur in 5 been described by Fine and associates (95) . This per cent glucose and 5 per cent sucrose solutions. factor has not yet been identified. It is of interest In contrast, these antigens become attached to that it was present more frequently in patients the erythrocytes in the presence of isotonic so-with various diseases than in healthy individual. dium chloride, potassium chloride, or sodium
Of particular importance is the fact that several citrate solutions. The failure of calcium chloride bacterial antigens, either simultaneously or consolution to effect erythrocyte modification (59) secutively, modify erythrocytes and that one remains unexplained. Interestingly, electrolytes antigen apparently does not block the adsorption are likewise required for the attachment of cer-of another (37, (96) . Finally, attempts have been made to crude or purified E. coli antigens are readily increase the sensitivity of the hemagglutination lysed, whereas human erythrocytes are almost reaction by the use of anti-globulin serum entirely resistant to lysis. This latter finding is (Coombs test) (38, 54) and by replacement of not due to lack of adsorption of the bacterial the hemolytic with the conglutination system antigen, since the treated red blood cells are as (38). readily agglutinated by homologous bacterial antiserum as are sheep red blood cells. The quesRed Rac tion arises as to whether lysis of modified human
The attachment of antigenic material, resulting red blood cells may occur in the presence of anti-in the acquisition of a new serologic specificity, bodies and complement of human origin. This is restricted neither to bacterial antigens nor to was found not to be s0 (59 (106) , and trichoblood cells modified by tuberculin, although monas (107) . hemolysis occurred only with larger amounts of De Gregorio (108) made the interesting obantiserum than were required for hemagglutina-servation that leukocytes, splenic, hepatic, and tion. Further studies are needed with a large renal cells adsorb salmonella antigen in vitro variety of bacterial antigens and erythrocytes and thus become specifically agglutinable in the from many animal species to determine the con-presence of homologous bacterial antibodies. ditions for, or refractoriness to, lysis.
Working with a polysaccharide preparation made Attention should be called to the failure of some from tuberculin, Boyden (109) showed that serum specimens to cause hemagglutination of modified leukocytes and lymphocytes become tuberculin modified erythrocytes, when a frac-attached to modified erythrocytes upon addition tion of the same sera showed antibody activity of homologous antibodies, indicating that these (98) . As yet, the interfering serum component(s) white cells, too, had adsorbed the antigen. have not been identified. A number of reactions Further studies on the possible modification of interfering with antibody activity have been dis-other tissue cells are needed. Such studies may covered and may be briefly mentioned here. reveal information as to which cells have reSerum albumin inhibits agglutination of red ceptors for one antigen or another. Since leukoblood cells exposed to a mixture of tuberculo-cytes play a significant role in the generalized protein and homologous antibody (87). The S. Shwartzman reaction (110) , the question may typhosa R antibody interferes with the 0 antibody be raised as to whether the bacterial antigen, rein causing death of the bacterial cell (99) . Also, sponsible for this reaction, is adsorbed to white in vivo interference of the tuberculo-polysac-blood cells; adsorption may lead to injury of the charide antibody with the antibody present in a leukocytes and to subsequent formation of newly discovered plasma fraction (IV-10) re-"fibrinoid" material. In this connection one responsible for the delayed type of tuberculin calls that particles other than cells, e. g., collo-(PPD) skin sensitivity has been reported (100). dion particles and ion exchange resins (111), are The latter findings require confirmation.
capable of adsorbing various antigens and thus The observation of Staub (88) to the effect that become agglutinable in the presence of the cornon-precipitating antibody can be demonstrated responding antibodies. Also, it is interesting to in the S. tyhposa hemagglutination test is of in-note that Adler (112) succeeded in attaching terest. Whether this antibody is in fact totally bacterial antigens to heterologous bacteria and devoid of precipitating activity, remains to be rendering them susceptible to the bactericidal determined. Also, reference should be made to activity of the antibody reacting with the ar- Neter and adsorption of, influenza virus. In the second in. co-workers (122) with respect to antibodies to stance, inhibition of virus adsorption readily enteropathogenic E. coli in the serum of healthy explains the failure of hemagglutination. The adults. On the other hand, the hemagglutinin complexity of the subject is also evident from titers in the sera of volunteers who had ingested the fact that one particular polysaccharide anti-E. coli were from 5 to 20 times higher than the gen of MacPherson et al. is adsorbed to red blood corresponding titers of bacterial agglutinins, alcells, but does not inhibit virus hemagglutina-though the same serogroup of E. coli was used tion. (123) . An explanation of these differences must Hemolysis of erythrocytes modified by bac-await the results of future research. It is evident, terial antigens is of interest also to the student of however, that in the search for antibodies against antibody-mediated hemolysis, since it shows that bacterial polysaccharides the hemagglutination anti-erythrocyte antibodies are not needed for and hemolysis tests may be used to advantage, this reaction. This observation parallels studies particularly should other methods yield negative on hemolysis of chemically modified azo-erythro-results. In passing, mention should be made of cytes in the presence of complement and anti-the fact that preliminary absorption with unbodies to the attached groups (121) . Similarly, treated red blood cells is a necessity, when serum antigenically modified bacteria are killed upon specimens are tested with heterologous red blood addition of complement and of antibodies di-cells. This difficulty can be circumvented by the rected against an artificially attached antigen use of human erythrocytes (blood group 0, Rh (112). These data may eventually aid in the negative) in the examination of human serum elucidation of the mode of action of antibody specimens. suspension thus becomes a useful tool as a poly-in studies on P. pestis (69) and certain strains of valent antigen for the detection of any homolo-E. coli (48). gous antibody. This polyvalent hemagglutination Antigenic composition of microorganisms. The test has been used in the study of the antibody hemagglutination inhibition test has been used response of patients with infections due to entero-successfully for the determination of the location pathogenic E. coli, salmonellae, and shigellae of bacterial antigens in bacterial cells (83) , and (59, 60, 122) . Further studies on the diagnostic the hemagglutination test for the existence of potentialities of this method are indicated.
cros-reacting antigens in unrelated bacterial Demonstration and titration of bacterial antigens. species (80, 125) . In view of the well known antiThe hemagglutination or hemolysis inhibition genic relationship between Mycobacterium tubertests provide useful tools for identification culosis and Mycobacterium leprae it is not surprisand determination of minute amounts of certain ing to find that patients with Hansen's disease bacterial antigens. To this end, the antigen under give a positive tuberculin hemagglutination test investigation is first mixed with a suitable amount (126, 127) . of a known bacterial antiserum; then, erythroRemoval of an antigen from a mixture. If one is cytes modified by the homologous antigen are dealing with a mixture of two antigens, only one added, and the inhibition of specific hemaggluti-of which is adsorbable on untreated erythrocytes, nation or hemolysis is noted. The sensitivity of the latter may then be used for the separation of this procedure can be illustrated by the fact that these antigens. It appears likely that this absorpas little as 0.006 jsg of Shigella dysenteriae poly-tion technique will lend itself for this purpose, saccharide could be measured, although no efforts just as erythrocytes have been used for the had been made to increase the sensitivity of the separation of botulinal hemagglutinin and toxin method (64). Similarly, Wright and Feinberg (26) . (75) (50) . Similarly, tion test, however, yielded positive results and two different modifying substances could be thus provided additional evidence of the pathodemonstrated in tuberculin by means of hemag-genicity of these microorganisms, now referred to glutination and hemagglutination inhibition as enteropathogenic E. coli (46, 48a, 59) . tests (81) .
Clinical applications for diagnosis of infections. Table 4 summarizes data on various bacterial nation and hemolysis tests discussed in the protein antigens which can be adsorbed on tanprevious section. In the first place, the antigen is nic acid treated erythrocytes. The homologous a protein. Secondly, it becomes dissociated from antibodies can be titrated with modified erythroerythrocytes upon repeated washings. Thirdly, cytes, the antigens by means of the hemagglutinasensitization of erythrocytes with the antigen-tion inhibition test. antibody mixture and subsequent hemagglutinaTo illustrate the sensitivity of this procedure, tion takes place readily at both 37 and 4 C. the following observations are cited. Stavitsky Apparently, Middlebrook (90) also observed ag- (130) showed that as little as 0.001 pg of diphglutination of red blood cells exposed to a mixture theria toxoid can be measured accurately. Erythof antigen and antibody. ,ug per ml of diphtheria toxoid (130) In addition to the aforementioned tannic acid with some of these preparations (133) . Studies hemagglutination test, protein antigens may be on interfering materials may eventually aid in attached to erythrocytes also by chemical linkour understanding of the precise changes caused ages. Such a method, devised by Pressman, by tannic acid treatment which result in the Campbell, and Pauling (140a), was used by Stanewly acquired capacity for protein adsorption. vitsky and Arquilla (141) . The method employs Tannic acid treated erythrocytes adsorb two bis-diazotized benzidine as the protein-conjugatprotein antigens (diphtheria and tetanus tox-ing material. The authors showed that, in addioids) simultaneously (131) , just as untreated tion to several non-bacterial proteins, diphtheria erythrocytes adsorb several polysaccharide anti-toxoid can thus be attached to erythrocytes; the gens. Mention should be made that tannic acid latter become agglutinated in the presence of treated erythrocytes can adsorb polysaccharide homologous diphtheria antitoxin. It is feasible antigens as well. However, there are differences to use the method also as a hemolysis test, proin the temperature and time dependence of these vided that complement is added to the system. shown that the antigen-antibody system in-glutination" (46) in order to differentiate this volved in bacteriogenic hemagglutination is reaction from that requiring bacterial antibodies different from that of the Thomsen-Friedenreich ("indirect bacterial hemagglutination").
reaction and entirely independent of blood 3. Antigens which become attached to ungroups. In conformity with the nomenclature of treated red blood cells have been referred to as the Thomsen-Friedenreich reaction (T antigen "erythrocyte modifying antigen" (94), "hemoand T antibody), Davidsohn and Toharsky gave sensitin" (81) , "erythrocyte sensitizing subtheir antigen-antibody system the designation stance" (ESS) (85), and "erythrocyte coating of H. The identity of the agglutinating principle antigen" (35) . The term "erythrocyte sensitizaappearing in plasma and serum remains to be tion" has been used also for the reaction between established, and no claim has been made as to erythrocytes and antibodies (complete and whether it is an antibody in the strict sense of incomplete) directed against the former's comthe word. It has been shown by Spielmann (155) ponents. The term "coating" must not imply that certain bacteria render human serum coverage of the entire surface, since the attached specimens containing "incomplete" Rh anti-antigens leave certain surface antigens unbodies capable of causing Rh hemagglutination. covered. From a practical point of view it is obvious that 4. Antibodies causing agglutination of modicontamination of blood grouping serum with a fied erythrocytes have been called "hemagstrain causing bacteriogenic hemagglutination glutinins" (43). renders this reagent unsuitable. No information 5. The following terms have been used with is at hand as to the possible in vivo occurrence of regard to hemagglutination or hemolysis of transformation of plasma and bacteriogenic modified erythrocytes: "hemagglutination", "pashemagglutination.
sive hemagglutination" (38), "conditioned hemagglutination" (103) , "indirect hemagglutination" X. NOMENCLATUJR1E
(46), "antigen-coated red cell technic" (6), It is only natural that, with the rapid develop-"polysaccharide specific hemagglutination" (134), ment in a new field, such as bacterial hemag-"Keogh antigen adsorption test" (69), "Keogh glutination and hemolysis, a number of terms method" (83) , and "polysaccharide lysis test" are being introduced, some of them being (41). The term "indirect bacterial hemagglutinasynonyms. In a recent editorial (156) the present tion" was coined to differentiate it from that due author has pointed out that a logical, generally to direct bacterial action in the absence of antiacceptable nomenclature should be devised. body (46). Such a task should not be undertaken by a 6. The hemagglutination method, employing reviewer of the subject, and recommendations, tannic acid treated erythrocytes, is referred to therefore, will not be offered here. Rather, some as "Boyden method" (83) , "protein-specific of the terms used (but not necessarily coined) hemagglutination test" (134), and "hemagby investigators in this field are herewith pre-glutination test". It may be pointed out that the sented with some comments.
term "protein-specific hemagglutination test" 1. Bacterial products or components which, may be misleading, since tannic acid treated without participation of antibodies, cause ag-erythrocytes also adsorb polysaccharides. glutination of red blood cells are referred to as "hemagglutinins" (4 
